Seventeen Ordovician oil samples from Halahatang Depression are investigated for their thermal maturation. On the basis of GC analysis of the alkane fraction as well as GC-MS analysis of the demethylated hopanes, it is assumed that the oils are mixtures of severely biodegraded and nonbiodegraded oils. Therefore, their maturation is assessed on the basis of the distribution and abundance of compounds strongly resistant to biodegradation. The P 1 together with the P 2 values of C 7 light hydrocarbons suggest that the late filled nonbiodegraded oils for Halahatang are super mature. Triterpane and sterane isomerization maturation parameters indicate they barely reached the peak oil generation stage, consistent with the results obtained from the equivalent vitrinite reflectance Rc 1 (0.80-0.95%), while the Rc 2 (1.28-1.60%) delineate a high maturity of Halahatang oils. However these conventional triterpane and sterane isomerization maturation parameters gave only general information and a comparatively narrow range of maturity. Correlation between the maturation parameters of Pr/nC 17 and Ph/nC 18 , Ts/(Ts + Tm) and C 29 Ts/(C 29 Ts + C 29 H), MPI 1 and MPI 3 , 4-/1-MDBT and 4, 6-/1,4-DMDBT are rather good, confirming the validity to assess and differentiate the maturity of the severely biodegraded oils examined, with the exception of naphthalene maturation parameters(DNR 1 and TNR 2 ). According to the maturation classification assembled with selected effective maturity parameters, such as the MPI 3 together with the corresponding [P], the thermal maturities of Halahatang oils are moderate, while Ts/(Ts + Tm) together with 4-/1-MDBT demonstrate a moderate-high maturity.
INTRODUCTION
The evaluation of maturity level of petroleum has an important implication for hydrocarbon exploration, because it allows for the determination of the possible maturation stage of oil expulsion, and for prediction of the discovery of hydrocarbon accumulations and their phase types in the deeper parts of geological sections or undrilled zones of the basin (Chakhmakhchev et al., 1995; Sun et al., 1998) . Most of the world's petroleum is biodegraded (Roadifer, 1987) , and the maturity assessment of biodegraded oils is a challenge. Although the actual processes involved in in-reservoir biodegradation of crude oils remain largely obscure, the effects on the composition and physical properties are well known (Sun et al., 2005) . Biodegradation of crude oils in reservoirs leads to a decrease in paraffin content and increase in S content, oil density, acidity and viscosity Head et al., 2003) . Hydrocarbons are removed from crude oils in a "quasistepwise" process, in roughly the order n-alkanes> i-alkanes> alkyl benzenes> alkyl naphthalenes> alkyl cyclohexanes, alkyl phenanthrenes and alkyl dibenzothiophenes >isoprenoids (C 15 + ) >regular steranes >hopanes >aromatic steranes (Wenger et al., 2001; George et al., 2002) . The strong modification of the molecular fingerprints and parameters of degraded oils makes source or maturity identification using molecular profiles inconclusive or ambiguous (Sun et al., 2005) . Partially biodegraded mature oils often resemble low maturity oils in composition, so it may be difficult to distinguish between them from gas chromatographic analysis alone (Volkman et al., 1983) .
The often used maturity parameters are based on the distribution and abundance of saturated hydrocarbons, polycyclic alkanes of triterpane and sterane types and aromatic hydrocarbons of naphthalene and phenanthrene types (Radke, 1987; Sun et al., 2005; Stojanovic′ et al., 2007) . These parameters represent mostly ratios between thermodynamically more stable geoisomers and their less stable precursors (Peters and Moldowan, 1993; Alexander et al., 1984; Strachan et al., 1988; Bastow et al., 1998; van Aarssen et al., 1999; Stojanovic′ et al., 2001) . The values of individual maturation parameters within oils depend on the provenance, sedimentation environment, catalytic effect of minerals, migration and biodegradation (Sainbayar et al., 2005; Sun et al., 2009; . Although the steranes and hopanes are more resistant to biodegradation and their isomerization ratios are more reliable for maturity assessment, they are not useful for samples showing maturities beyond peak oil generation (R o ∼0.9%) because the reactions they represent have reached an equilibrium (Peters and Moldowan, 1993; Peters et al., 2005) . Van Grass (1990) described some biomarker parameters that are useful at high thermal maturity, such as tricyclics/17α-hopanes, diasteranes/steranes and Ts/(Ts + Tm) ratios.
Although some aromatic and polycyclic aromatic hydrocarbons are susceptible to microbiological degradation (Fisher et al., 1995) , most of them are more resistant than alkane-type biological markers (Volkman et al., 1983) . So the parameters determined on the basis of distribution and abundance of structural isomers of polycyclic aromatic hydrocarbons are particularly important in the assessment of the maturity of oils altered by biodegradation (Stojanovic′ et al., 2001) .
The Halahatang Depression, with an area of 4369 km 2 , is located at the north bank of the Tarim River in the Xinjiang Uygur Autonomous Region in NW China. It is situated in a region affected by multiple tectonic events within the Tabei Uplift in the Tarim Basin ( Fig. 1 ; Zhang, 1999; Zhou et al., 2001; Li and Xu, 2004) . In recent years, commercially important amounts of petroleum have been found around the Halahatang depression, such as the Tahe oilfield in the east, Hadexun oilfield in the southeast, A common feature of most of the examined oil samples from Halahatang Depression is that they are either biodegraded or are mixtures of biodegraded and nonbiodegraded oils. The mixing of a severely biodegraded crude oil with a fresh oil charge has been shown to affect various maturity parameters (Koopmans et al., 2002; Huang et al., 2004) . In such cases, the maturity determined using the standard alkane biomarker parameters is uncertain (Stojanovic′ et al., 2001) . The purpose of the paper is to discuss and access the maturity of the Halahatang severely biodegraded oils through a systematic biomarker correlation of the liquid hydrocarbons, until now not fully understood because no related literature has been published.
GEOLOGICAL SETTING
The stratigraphy of the Tabei Uplift comprises various sediments of Sinian to Ordovician age (marine depositional environment), Carboniferous to Permian age (alternating marine-non-marine) and Triassic to Quaternary age (non-marine) ( Fig. 2) (Cai and Kang, 2002; He et al., 2002; Zhang, 2003; Lan et al., 2011) . The Halahatang depression is located in the south of the central Tabei Uplift and is surrounded by the Luntai Fault in the north, the Tg8 inflection in the south, the Lunnan Low in the east and the Nanke-Yingmaili Low in the west. The present tectonics of the Halahatang area are controlled by regional structural event. In the late Caledonian, the Lunnan-Halahatang-Yingmaili area was formed into a southward plunging slope, due to the disequilibrium regional tectonic upwarping. Tectonic compression along a NW-SE axis in early Hercynian time further led to the formation of the large-scale Lunnan anticline on the reverse of the slope, Yingmaili Low in the Yingmaili area for the compressional swelling of Cambrian salt, and prototype of Halahatang between these two units. Influenced by the sustained subsidence of Kuche Depression in Neogene, the sedimentary succession gradually show the characteristics of high in the south and low in the north, and then the present Halahatang depression came into being.
The major part of the Ordovician oil reservoir is within the Middle Ordovician Yijianfang Formation and the Lower-Middle Ordovician Yingshan Formation . The oil is found in a stratigraphic trap at the base of the Ordovician carbonate buried hill zone and this is unconformably overlain by the Lower Carboniferous and Triassic feature known as Akekule High (He et al., 2002; Zhang, 2003; . The petroliferous palaeomorphologic units are the buried hills and surrounding areas formed in response to the multiple tectonic events and karst mophogenesis. 
EXPERIMENTAL
Seventeen representative oil samples from Halahatang Depression were collected. Oil samples were deasphaltened by precipitation in n-hexane, and then two aliquots of deasphaltened oil were taken from each sample. One aliquot was treated by column chromatography. On a routine silica gel and alumina column, and using n-hexane and dichloromethane as eluents, aliphatic and aromatic fractions were isolated for GC-MS analyses.
GC-MS of the aliphatic and aromatic fractions has been performed on a Finnigan Model SSQ-710 quadrupole analytical system coupled with a DB-5 fused silica capillary column (30 m × 0.32 mm i.d.) and an IAIS data processing system. The GC operating conditions were as follows. The oven temperature program was initially at 100°C for 1 min, ramped to 220°C at 4°C/min, then from 220 to 300°C at 2°C/min, and held isothermal for 5 min for the aliphatic fraction; temperature ramped from 80°C with 1 min initial isotherm to 300°C and held at 300°C for 15 min for the aromatic fraction (Wang et al., 2004) . Helium was used as the carrier gas. The MS conditions were as follows: electron impact (EI) ionization mode, electron energy 70 eV, emission current 300 lA, and scanning range 50-550 amu/s. Compound identification and quantification of the biomarkers and polyaromatic hydrocarbons (PAHs) were made by comparison with reference mass spectra from the literature.
RESULTS AND DISCUSSION

General characteristics of the oil samples
Bulk properties of the Halahatang Ordovician oils show moderate density (0.8019-0.9369 g/cm 3 ), low sulfur content (0.30-1.31%), and significant wax content (4.1-11.8%). The bulk oil compositions characterize the oils as predominately aliphatic as indicated by their high saturate/aromatic (Sat/Aro) ratio (>1) and saturate fraction abundance (>50%; Table 1 ). The only exception is the heavy oil from XK1, containing high NSO abundance (40.11%), which is so viscous that we only can use a metal scoop to scrape it from the sampling appliance. Obviously, the NSO contents show positive variation with the oil densities and sulfur content, implying some genetic relevance.
Normal alkanes in the Halahatang oils show a smooth unimodal distribution of nC 10 to nC 33 , enriched in low molecular weights. Moreover, like Tahe oils (Wang et al., 2008) , nearly all the Halahatang oils show an intact n-alkane series and an evident base line 'hump' (UCM, i.e., unresolved complex material) on gas chromatograms ( Fig. 3(a)∼(d) ). Also 25-norhopanes(NH) are detected on m/z 177 mass chromatograms in the same oil samples (Fig. 3 (e)∼(h)) with a C 29 25-norhopane/C 30 hopane ratio range of 0.07−1.70 (Table 2 ). The distribution of 25-norhopanes in the same oil consists of a fully developed series of C 26 −C 34 25-norhopanes. The origin of 25-norhopanes remains a controversial subject (Seifert and Moldowan, 1979; Peters and Moldowan, 1991; Moldowan and McCaffrey, 1995; Peters et al., 2005) . However for the opinion of 25-norhopanes derived from source rocks, the demethylated hopanes characterize mainly C 29 17α 25-norhopane with a few other members of the series, rather than the full C 29 − C 35 pseudo-homologous series typically found in degraded oils (Bennett et al., 2006) . Associated with the evident UCM and the intact n-alkanes in same oil samples, it is widely accepted that these oils are mixture of a severely palaeobiodegraded oil containing 25-norhopanes and fresh oil containing n-alkanes (Volkman et al., 1983; Campos et al., 1996; George et al., 1998; Peters et al., 2005; Wang et al., 2008) . In addition, low Pr/Ph (0.94-1.18), high C 29 /C 30 hopane (0.83-1.37), high Gammacerane/C 30 H (0.23-0.82), high C 21 pregnane/C 29 regular steranes ratios (2.54-4.69), and predominance of dibenzothiophene abundance (61.18-74.19%) in the series of dibenzothiophene-dibenzofuran-fluorene observed for the Halahatang oils suggest a restricted, clastic starved, anoxic, reduced carbonate depositional setting (Didyk et al., 1978; ten Haven et al., 1986; 1988; Zumberge, 1984; Connan et al., 1986; Clark and Philp, 1987; Requejo et al., 1997; Hughes et al., 1995) .
Meanwhile Halahatang oils display a "V" shape of C 27 , C 28 and C 29 sterane distribution (Fig. 4(a)∼(d) ) with low C 28 /(C 27 + C 28 + C 29 ) (<25%), low C 21 /C 23 tricyclic terpane ratios (Fig. 4 (e)∼(h)), none or trace amount of triaromatic dinosteroids and lighter carbon isotopes of oils and fractions(>−30‰), which considered as the typical characteristic of O 3 l sourced oils (Li et al.,1999; Zhang et al., 2000a; 200b; Wang et al., 2004; Lu et al., 2007) , correlate well with the Ordovician oils from Tabei uplift, such as Tahe, Lungudong and Yingmaili oil fields (Wang et al., 2004; Lu et al., 2007; Li et al., 2010; Zhang et al., 2011) .
Isoheptane and heptane value of C 7 light hydrocarbons
Gasoline range hydrocarbons, such as C 7 compounds are controlled by the highest temperature experienced by its source rocks in the burial history (Thompson, 1979) . Thus the isoheptane (P 1 ) and heptane (P 2 ) values proposed by Thompson (1979; 1983) are widely used to determine the degree of thermal maturity of oils and condensates (Radke, 1988; Thompson, 1983; Peters and Moldowan, 1993; Wang et al., 2010) . In the Thompson figure, all Halahatang oils belong to the area of super mature (Fig. 5a) . The presence of 25-norhopanes in crude oils is commonly recognized as an indicator of severe biodegradation and reflects at least the biodegradation of level 6 according to the scale proposed by Peters and Moldowan in 1993. Theoretically, in such cases, light hydrocarbon fractions should be removed completely. So the C 7 light hydrocarbons detected in Halahatang oils only represent the characteristics of the late filled nonbiodegraded oil.
Triterpane and sterane maturation parameters
The Halahatang oils also appear to have a much more mature terpane distribution dominated by tricyclic terpanes (TT), with relatively low amounts of C 29 and C 30 hopanes, trisnorhopanes (Ts and Tm), tetracyclic terpanes and C 31 -C 35 homohopanes (Fig. 4e∼4f) ). C 32 22S/(22S + 22R) homohopane isomerization is highly specific for immature to early oil generation. Samples showing 22S/(22S + 22R) ratios in the range of 0.50-0.54 have barely entered oil generation while ratios in the range of 0.57-0.62 indicate that the main phase of oil generation have been reached or surpassed (Peters et al., 2005) . Halahatang oils are characterized by these ratios from 0.49-0.58 with the only exception of H801 well (Table 2) , leading to a conclusion that the investigated samples were barely close to the maturity level corresponding to vitrinite reflectance values of Ro = 0.60%-0.70% (Peters et al., 2005) . Both of the sterane maturation parameters (Table 2) have nearly equal values in Halahatang oils. From the Figure 5b , we can see that the values of the C 29 20S/(20S + 20R) isomer ratios range between 0.53 and 0.57 (having attained an equilibrium point of about 0.52-0.55, at 0.8 ± 0.1%Ro) and values for C 29 ββ/(αα + ββ) isomerization range between 0.52 and 0.59 (reaching the equilibrium point 0.67-0.71), suggesting the investigated oils have been generated by organic matter at the catagenetic stage and barely reached the peak oil generation stage (Peter et al., 2005 ) .
It is thus clear that conventional triterpane and sterane isomerization maturation parameters gave only general information on the maturity of the investigated samples, and indicate a comparatively narrow range of maturity. They can not offer a precise classification and differentiation of the investigated samples.
In fact, the linear correlation between Pr/nC 17 and Ph/nC 18 (R 2 = 0.9558) in Figure 5c , is substantial evidence that the range of maturity for the Halahatang oils is distinguishable, indicating that either expulsion of different compound classes from a single source rock occurred at differing maturity levels, or from more than one generation episode. Similarly, the significant differences of corresponding terpane parameters Ts/(Ts + Tm) and C 29 Ts/(C 29 Ts + C 29 H) ratios are observed ( Table 2 ). The Ts/(Ts + Tm) correlates well with the C 29 Ts/(C 29 Ts + C 29 H) ratios (R 2 = 0.9189, for linear dependence), confirming the validity to assess and differentiate the maturity of the oils examined in this paper (Fig. 5d) . 
Maturity parameters based on polycyclic aromatic hydrocarbons
Since aromatic hydrocarbons are resistant to biodegradation (Volkman et al., 1983) , maturity parameters calculated on the basis of the distribution of methylnaphthalene and methylphenanthrene isomers may be used to correlate the oils (Asif et al., 2009) . Naphthalene maturation parameters (DNR 1 , TNR 1 ; Radke et al., 1982b; Alexander et al., 1984) for Halahatang oils based on isomerization of α-alkylnaphthalene into β-alkylnaphthalene show poor positive correlation (Fig. 6a) , reducing their reliability for maturity assessment. Phenanthrene maturation parameters are more reliable for estimation of maturity than the naphthalene parameters (Sun and Püttmann, 2001; Sun et al., 2005; Stojanovic′ et al., 2007) . Phenanthrene maturation parameters based on isomerization of thermodynamically less stable α-alkyl-phenanthrenes into more stable β-alkylphenanthrenes (MPI 1 , MPI 3 ; Radke et al., 1982a, b; Sun, 1998; Sun and Püttmann, 2001 ) are listed in table 2. The equivalent vitrinite reflectance (%Rc 1 ) values are calculated from the MPI 1 values using the relationship described by Boreham et al. (1988) . The Rc 1 values for the Halahatang Ordovician oils range between 0.80 and 0.95% (Table 2) , consistent with the results obtained from the terpane and sterane isomerization ratios. The rather good correlation (R 2 = 0.9327, for linear dependence) between phenanthrene maturation parameters also verifies the validity to assess and differentiate the maturity of investigated oil (Fig. 6b) .
ENERGY EXPLORATION & EXPLOITATION
Among numerous polycyclic aromatic compounds, sulfur aromatics seem to be a promising tool to evaluate maturity in oils for their high thermal stability and resistance to biodegradation (Chakhmakhchev and Suzukf, 1995) . As noted by Radke and Willsch (1994) , the potential of the isomer ratios based on methyl-, ethyl-and dimethyl-DBTs to serve as maturity parameters for petroleum source rocks is superior to that of vitrinite reflectance. The 4-/1-methyldibenzothiophene ratio (MDR) proposed by Radke et al. (1986) appears to be sensitive as it correlates well with vitrinite reflectance (Radke, 1988 ) and 4, 6-/1, 4-dimethyldibenzothiophene ratio (Fig. 6c , R 2 = 0.9726), particularly useful for maturity assessment at elevated levels (Yawanarajah and Kruge, 1994; Dzou et al., 1995) . The MDR can be also used to give another equivalent vitrinite reflectance value, using the formula of %Rc 2 = 0.2633 × Ln(MDR) + 0.9034 . The equivalent vitrinite reflectance values (Rc 2 ) derived from MDR are 1.28-1.60%R o , indicating a highly maturity of Halahtang oils (Table 2) .
Correlation of oils based on the effective maturity parameters
The maturity examination of Halahatang oils has so far shown that the linear correlation between same kinds of maturation parameters are strong, such as Pr/nC 17 and Ph/nC 18 , Ts/(Ts + Tm) and C 29 Ts/(C 29 Ts + C 29 H), MPI 1 and MPI 3 , 4-/1-MDBT and 4, 6-/1, 4-DMDBT, confirming the validity to assess and differentiate the maturity of the severely biodegraded oils examined. However two parameters randomly selected from different kinds of these valid parameters display poor correlation (Fig. 6d) , implying the different influential factors for the different kind of parameters. This leads to a conclusion that the same kind of effective maturity parameters are significant in accessing the maturity of severe biodegraded oils when used together. According to the class boundaries for MPI 3 values proposed by Radke (1987) for oils of different maturity together with the corresponding limits of [P] set by Stojanovic′ et al. (2001) , the thermal maturities of Halahatang oils are moderate (Fig. 6e) . In addition, Wang et al. (2004) proposed a maturation classification of Ts/(Ts + Tm) together with 4-/1-MDBT through a large number of oil samples with different maturities for the Tahe oilfield. Halahatang oils demonstrate moderate-high maturity in the Wang' figure (Fig. 6f) .
CONCLUSIONS
Most of the oil samples from the Halahatang contain 25-norhopanes while characterize the predominance of n-alkanes and acyclic isoprenoids, suggesting mixtures of severely biodegraded oil residues dissolved by nonbiodegraded oils during accumulation in the reservoir. Some maturation parameters based on those biodegradation resistant compounds are selected to access and differentiate the oil maturity. The P 1 together with the P 2 suggest that the late filled nonbiodegraded oils for Halahatang are super mature. Triterpane and sterane isomerization maturation parameters generally attained the equilibrium point, indicating they barely reached the peak oil generation stage within a comparatively narrow range of maturity. The equivalent vitrinite reflectance %Rc 1 values are 0.80-0.95%, consistent with the results obtained from the terpane and sterane isomerization ratios, while the Rc 2 values are 1.28-1.60%, indicating a high maturity of Halahtang oils.
Interestingly, it seems that the linear correlation between same kinds of parameters are rather good, such as Pr/nC 17 and Ph/nC 18 , Ts/(Ts + Tm) and C 29 Ts/(C 29 Ts + C 29 H), MPI 1 and MPI 3 , 4-/1-MDBT and 4, 6-/1, 4-DMDBT, confirming the validity to assess and differentiate the maturity of the severe biodegraded oils examined. The naphthalene maturation parameters are the exception and display a narrow range of maturity and large scatter among the samples, suggesting that they are less sensitive to thermal evolution for the severely biodegraded oils.
According to the maturation classification assembled with effective maturity parameters, (for example, the MPI 3 values together with the corresponding [P]), the thermal maturities of Halahatang oils are moderate, while Ts/(Ts + Tm) together with 4-/1-MDBT demonstrate a moderate-high maturity.
